Introduction
In two saucer-shaped blowouts wind velocity was measured at 0.18 m height and compared to the wind velocity data from the nearest standard meteorological station at Valkenburg about 3.5 km to the northeast. In blowout 1 relative velocities are highest when the wind blows from directions between E and SSE. In blowout 2 winds blowing from directions between S and WSW are relatively stronger. In general the wind speed increases as its moves along the surface inside the blowout, because the aerodynamic roughness of the blowout surface is less than that of the surrounding area. Less important are the influence of the configuration of the terrain surrounding the blowout and the influence of the slopes within the blowout.
The frequency distribution of the general wind at Valkenburg is analysed and combined with the horizontalwind velocity pattern within blowouts. A simulation model, producing the spatial distribution of the wind power shows that the prevalence of algal crusts at the SW side of blowouts agrees well with the location which reaches the lowest wind power values. In other parts of the blowouts algal crusts are damaged by moving sand at times of high wind velocity.
ISSN 0341-8162 ©1993 by CATENA VERLAG, 38162 Cremlingen-Destedt, Germany 0341-8162/93/5011851/US$ 2.00 + 0. 25 In some terrains of the coastal dune area of Meijendel near The Hague, The Netherlands, measures for the fixation of moving sand have been suspended since 1979. Overall the area of moving sand has increased since then, but in some areas deflation has spontaneously stopped (Jungerius & Van der Meulen 1989} . Van den Ancker et al. (1985} have suggested that an important stabilization mechanism is the colonization of the sand by algae. Blowouts are the most important deflation features in the coastal dunes of the Netherlands. These depressions, formed by deflation, are usually saucer-shaped. The general orientation of large blowouts suggests that they are elongated by SW winds.
The natural stabilization of blowouts has been studied by Pluis & de Winder (1990}. It was shown that cyanobacteria are commonly the initial colonizers, being succeeded by green algae. The deflation rate is decreased by the formation of algal crusts {photo 1). Algal crusts are found mainly at the SW side of blowouts {fig. 1). Where this is the case, the blowout will no longer grow in its customary manner which is towards the SW (Jungerins et al. 1992} .
Various mechanisms could explain the pattern of algal distribution in blowouts. In order to investigate if this pattern is related to wind velocity distribution because at high wind speeds the algal .,0., o.o:,,° 5.:7"1% U u\ crust is damaged by moving sand, wind velocity was measured in two blowouts. The composition and location of algal crusts in blowout 2 have been described by Pluis & de Winder (1989) . A similar algal crust distribution pattern was found for blowout 1. Firstly, the change of wind speed along transects within the blowouts will be evaluated. Secondly, the sensitivity of the blowouts to the general wind will be compared. Finally these results will be combined with the frequency of occurrence of the general wind to analyse the significance of the wind power distribution for algal crusts.
Materials and methods
The study area is located in Meijendel near The Hague, The Netherlands. The area consists of many secondary dune forms including parabolic dunes and more or less transverse inner dune ridges. Average height of the dunes is 10-20 m. Plant communities of the xerosere type prevail. Open short vegetation (Rubus, mosses and lichens) and dwarfshrubs (Salix and Hippopha~) are most common. The field data have been collected in the two blowouts during the year 1989 (from 26/1 to 4/7 and from 13/7 to 21/11, respectively). After removal of hours with variable wind direction or low wind speeds about 1000 hours of mea- fig. 2 ). Mean wind velocities were measured every five minutes using rotating cup-anemometers. The starting speed of the anemometers averaged 0.17 m/s. The centre of the cups (diameter 5.4 cm) was installed 18 cm above the surface. In both blowouts three anemometers were located along the east-west axis of the blowout. In blowout 2 two more anemometers were situated at both sites of the centre anemometer on a perpendicular transect ( fig. 2 ). The wind data from the three or five anemometers were collected synchronously by a datalogger.
It was noted by Borowka (1980) that by measuring the wind velocity at just one height near the surface the wind velocity might be influenced by the sand flux. Transported sand exerts a drag on the cup anemometers, resulting in an increase in the measured wind velocity. However this effect is not important in these blowouts, because here the sand flux generally is very small and several orders of magnitude less than on a beach. Anemometers accelerate faster than they decelerate. Therefore in a turbulent boundary layer the average wind speed is overestimated (Mac Cready 1966 , Hyson 1972 , Wieringa 1980 . Kaganov & Yaglom (1976) theoretically calculated that this overestimation equals about 8-10~. No correction has been applied here since the overspeeding applies to all anemometers.
The nearest weather station at Valkenburg (K.N.M.I.}, about 3.5 km to the northeast, was used as a reference point. This station gives mean hourly wind data measured at ten metres above ground level. In order to study the modification of the general wind speed pattern in the blowouts the mean wind velocity values of the blowouts have been adjusted to this hourly interval.
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Acceleration of the wind within the blowout
The magnitude of acceleration or deceleration of the wind within the blowouts has been calculated for wind blowing parallel (at an angle of less then 15 °) to the transects along which the anemome- ters were located. Wind speed alteration ratio's indicate the degree to which wind velocity was either reduced or increased at the sample points relative to the most upwind anemometer. The wind speed alteration ratio's for both blowouts are shown in fig. 3 . In general the wind speed increases as it moves along the surface inside the blowout. In blowout 1 the highest alteration ratio's axe measured at location Wl during easterly winds with an increase of 78% over a distance of 7 m. In blowout 2 the highest ratio's were found at location N2 during southerly wind with ma increase of 83% over 10.6 m.
The acceleration of the wind within the blowouts can be explained by (a combination of): a) the slopes of the terrain in which the blowouts are located b) the slopes within the blowouts c) the change in surface roughness.
Ad a) Wind velocity in the blowout might be related to the geomorphology of the terrain in which the blowouts were formed. It is noted that the acceleration rate remains roughly the same when wind moves along the surface inside the blowout. Therefore the acceleration of the wind might be related to the configuration of the upwind terrain on which the wind is blowing before it enters the blowout. Both blowouts are located on a slope of about 10% near to the top of a dune.
Lancaster (1985) , Tsoar (1985) and Livingstone (1986) showed for desert sand dunes that as the flow approaches the upstream foot of a hill, the velocity is reduced compared to the flow over fiat ground. Wind speed increases rapidly as the flow moves toward the hill
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Interdi|ciplin;Lry Journ&l of SOIL SCIENC~--HYDROLOGY--GBOMORPHOLOGY top and maximum velocity is reached at the top. This flow acceleration also applies to the windward slope of coastal dunes (Mulligan 1988 , Hesp 1989 , Rasmussen 1989 . At the lee side of hills the wind speed usually decreases from the top to the bottom of the hill (Tsoar 1985 , Livingstone 1986 ). In the blowout an increase of the wind speed is observed even if the blowout is on the lee side. Therefore the topography is not considered to be the most important factor in explaining the acceleration of the wind within the blowout. Ad b) The influence of the slope of the dune surrounding the blowout on the wind velocity might also apply to the wind on the inner blowout flanks. For wind blowing upslope from the centre to the edge of the blowout convergence of streamlines may have caused wind acceleration. However, it appears that ill blowout 2 acceleration occurred during eastern and northern wind. This is surprising in view of the assumption that, if wind is blowing down the inner slope, vertical divergence of streamlines is expected to occur, which would lead to decelerating winds. Moreover it is noted that in this blowout the acceleration has a fairly constant rate for westerly winds blowing along the transect W2-C2-E2 and for southerly winds blowing along the transect $2-C2-N2. The increase of the slope along the first part of the transect compared to the second part does not influence the acceleration rate. Apparently, acceleration and deceleration of wind within the blowout tend not to be primary determined by the slope angle of the blowout itself. The modification of the general wind speed pattern in the blowout will be discussed in section 4.
Ad c) Wind speed will increase when entering the blowout because of the low degree of roughness of the bare sand compared to the vegetated area surrounding the blowout. Hesp (1989) and Rasmussen (1989) state that the equilibrium between the applied force from above and the retarding drag of the ground is reached ~rapidly" for local changes in roughness, but their observations provide no quantitative information. Observations by Hallsworth et al. (1982) indicate that, at a decrease in average size of the surface irregularities of 35 cm, the wind velocity at 1 metre height adjusts within a downwind distance of 5 m. The height of the internal boundary layer (the layer which is affected by the change in surface roughness} can be determined as a function of the fetch, being the distance downwind from a change in surface roughness (Elliott 1958 , Rao et al. 1974 , Panofsky et al. 1982 , Kroon 1985 :
where a = 0.75-0.03 ln(zo2/Zol)) h = depth of the internal boundary layer, zol and zo2 are the aerodynamic roughness lengths respectively upwind and downwind of the border, x = the distance downwind from the change in surface features (fetch). The actual aerodynamic roughness length has not been measured in our situation, so we have to use estimated values. The roughness length for the area surrounding the blowout (Zol) was considered to be 4 mm (Bressolier & Thomas 1977 , Stull 1988 , Jacobs & van Boxel 1988 and that for bare sand (zo2): 0.1 mm (Vugts & Cannemeijer 1981 , Stull 1988 . If the height of the internal boundary layer must equal the height at which the cup-anemometers measure the
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Interdlscipbinal'y Journ~*~ of SOIL SCI~NC~--HYDROLOGY--GEOMORPHOLOGY wind speed (18 cm) fetch needed appears to be about 1.4 m. However one has to bear in mind that only the lowest part of the internal boundary layer has adjusted to the new surface and has a normal (logarithmic) wind profile. The height of the adapted layer is estimated to 15% of the affected layer (Monteith 1973) . Therefore a fetch of approximately 15 m is required in order to create an adapted layer of 18 cm height. Elliott (1958} showed that in his case the wind speed at 20 cm height increases up to at least 50 m after the step in surface roughness (fig. 4, p. 1052) . Since the change in surface roughness at blowouts (from 4 mm to 0.1 ram) is of the same order of magnitude as in Elliot's research (from 20 mm to 0.2 mm), it follows that the decrease in surface roughness strongly affects the change of the wind speed near the surface, even at 18 cm height. From this analysis we conclude that the change in surface roughness is the main cause of the acceleration of the wind within the blowouts.
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The modification of the general wind speed pattern within the blowout In order to assess the sensitivity of the two blowouts to the general wind characteristics, the wind velocities in the blowouts were compared with the data from Valkenburg. Paired average wind velocity values of Valkenburg and the sample locations in the blowouts were used to calculate regression equations for both eight and twelve wind sectors. It appeared that the use of twelve sectors gave more reliable results than the use of eight sectors. Only the ENE sector gave insignificant results due to the low quantity of data.
Most regression equations gave a good fit using a simple linear equation y --ax in which y indicates the wind velocity in the blowout at a height of 18 cm, x the wind velocity measured in Valkenburg at a height of 10 metres and a is the regression coefficient. Most correlation coefficients were within the range of 0.7 to 0.9. All directions reveal a certain degree of scatter caused by: the choice of the classes used for Valkenburg (0.5 m/s for wind speed and 10 ° for direction), the variability of the wind directions within the wind sectors, differences in atmospheric stability, and inaccuracies in cup-anemometer heights.
The mean response of each individual location to the general wind is expressed graphically in fig. 4 . In blowout 1 the highest regression coefficients are found during E and ESE winds. For blowout 2 the highest relative wind velocities were recorded for SSW and WSW winds. The sensitivity of the eight locations in the two blowouts to the general wind clearly varies between the blowouts as well as within the blowouts. The differences between the blowouts are primarily related to the distance from the sea and the height of the local terrain, relative to the surroundings. It is likely that the comparatively high position of blowout 1 in the surrounding terrain is the reason why the highest velocity is attained for this blowout. The sensitivity of blowout 2 for wind from directions between W and S might be explained by its relatively short distance to the coast.
The way in which the locations in the blowout respond to wind from different directions is more irregular for blowout tered for many wind directions at location E2. Greatest wind velocity differences are found at location N2, established by comparatively low velocities during NNE winds and high velocities during S winds. On the other hand, location $2 responds almost equally to all wind directions. Only for W and SW winds, the relative velocity is slightly higher.
At certain wind directions, some surface areas in the blowout may become under the lee of steep inner flanks. For instance, location N2 in blowout 2 is sheltered from wind directions between WNW and NNE as it is located up the steep inner blowout slope facing south. Location E2, located up the inner slope facing west, is sheltered for E and ESE winds. It is comparatively less sheltered from N and NNE winds. Apparently these winds are able to enter the blowout here due to the absence of steep inner slopes at this side.
It is important to consider that these results apply to the two study sites, being representative of shallow saucer shaped blowouts.
The influence of the internal blowout morphology on the wind velocity is likly to be more important in trough blowouts which have high steep flanks (Carter et al. 1990 ), inducing strong turbulence flow (Hails & Bennett 1980} . Wind velocity in trough blowouts is clearly stronger if it is blowing along the centreline axis (Carter et al. 1990 ).
Distribution of wind speed and direction at Valkenburg
The wind climate is based on hourly values of mean wind velocity and direction measured at Valkenburg. The data consist of twelve wind directional sectors and ten wind velocity classes (width 2 m/s) over a period of 20 years (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . The distribution of wind speed and direction at Valkenburg is shown in fig. 5 . The wind climate is characterized by the more frequent SSW, WSW and W winds of which the frequency of occurrence exceeds the average 8.3% of the time. The highest velocity wind is the WSW wind, but the frequency differences seem too small to distinguish a clear prevailing wind direction. According to observations by Jungerius et al. (1981) the sand can only be moved by a wind velocity exceeding 6.25 m/s. Therefore division is made between inactive winds (1-6 m/s} and sand moving winds (7-16 m/s} ( fig. 6) . In general the effective winds (sand moving winds} occur at about one third of the time. The inactive winds are almost evenly distributed over all directions, but there is a strong prevalence of the high speed winds for SSW, WSW and W directions. 
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The significance of the wind power distribution for algal crust development in blowouts
The following computation takes into account the results of the wind velocity measurements in combination with the frequency of occurrence of the wind.
The wind climate at each location within the blowout is simulated with the aid of long term (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) hourly wind velocity measurements at Valkenburg and the regression coefficients derived in section 4. From the simulated distribution of wind speeds and directions within the blowout the wind power is calculated for each location and each wind direction:
p, = p. r Ca, u) 3 r.,.
where P, = average wind power for each wind sector over a period of 20 years {W/m2), p = the average density of the air (1.22 kg/m3), as = regression coefficient for the relationship between wind velocity in the blowout and in Valkenburg, U = mean hourly wind velocity at standard 10 m height (m/s), Fu,~ = percentage of wind with strength U from section s, and s = wind direction class of 30 ° width. The cube of the wind velocity is used because the rate of sand transport is assumed to be proportional to the third power of the wind velocity (Bagnold 1941). The wind power calculated in this fashion is not an absolute value, but depends strongly on the height for which the regression coefficient as was derived. Therefore only wind power values which are calculated for the same heights can be compared. The wind power distribution of the blowouts is characterized by high wind powers for SSW to W winds ( fig. 7 ).
It appears that the frequency distribution of the wind greatly influences the wind power values. Locations W1 and C1 in blowout 1 obtained the highest relative wind velocities for ENE to SSE directions but as high wind speeds from these directions have a low frequency the resulting wind power values are relatively low. Locations at the eastern side of both blowouts attained high velocity winds occurring at a high frequency.
Comparison of fig. 1 with fig. 7 shows that the lowest wind power values are obtained for the locations were algal crusts are most frequently found. The results demonstrate the importance of wind velocity distribution for the overall endurance of algae at a location in tile blowout: at high speeds the algal crust is damaged by moving sand.
7
Conclusion Pluis & de Winder (1989) noted that the spatial distribution of algae should be explained in terms of the balance between colonization and destruction. It was hypothesed that the overall greater endurance of algae at the SW part of the blowout compared to the rest of the blowout area is caused by an overall lower wind velocity there. The disappearance of algae from other locations was attributed to abrasion by saltating sand grains moved by the higher wind speeds prevailing there. A simulation model based on long term wind velocity measurements shows that the expected spatial wind velocity pattern indeed exists.
